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ABSTRACT 

The bHLH transcription factor MyoD, the prototyp- 
ical master regulator of differentiation, directs a 
complex program of gene expression during 
skeletal myogenesis. The up-regulation of the cdk 
inhibitor p57 kip2 plays a critical role in coordinating 
differentiation and growth arrest during muscle 
development, as well as in other tissues. p57 kip2 
displays a highly specific expression pattern and is 
subject to a complex epigenetic control driving the 
imprinting of the paternal allele. However, the 
regulatory mechanisms governing its expression 
during development are still poorly understood. 
We have identified an unexpected mechanism by 
which MyoD regulates p57 kip2 transcription 
in differentiating muscle cells. We show that the in- 
duction of p57 k,p2 requires MyoD binding to a 
long-distance element located within the imprinting 
control region KvDMRI and the consequent release 
of a chromatin loop involving p57 kip2 promoter. We 
also show that differentiation-dependent regulation 
of p57 kip2 , while involving a region implicated in the 
imprinting process, is distinct and hierarchically 
subordinated to the imprinting control. These 
findings highlight a novel mechanism, involving the 
modification of higher order chromatin structures, 
by which MyoD regulates gene expression. Our 
results also suggest that chromatin folding 
mediated by KvDMRI could account for the highly 
restricted expression of p57 kip2 during development 
and, possibly, for its aberrant silencing in some 
pathologies. 



INTRODUCTION 

The muscle regulatory factor MyoD (1) plays a key role in 
myogenesis by coordinating the induction of muscle- 
specific genes with the activation of growth arrest 
pathways during terminal differentiation of skeletal 
muscle cells (2,3)- MyoD is a bHLH transcription factor 
recognizing E-box elements and acting in cooperation 
with other muscle-specific and general transcription 
factors (4). MyoD regulates a large number of genes 
with diverse biological functions, by activating or repress- 
ing their expression at different times during myogenesis 
(5). Some targets are directly activated by MyoD as early 
myogenic events. Others, in contrast, require the induction 
of intermediate factors, in some cases cooperating with 
MyoD itself in a feed-forward circuitry (6). The MyoD 
property to function as a master regulator of myogenesis 
is also based on its ability to access chromatin and 
to induce its reorganization by recruiting chromatin- 
remodeling complexes and histone-modifying enzymes 
(7-10). 

The up-regulation of genes coding for cyclin-dependent 
kinase inhibitors (CKI), in particular p21 cipl/wafl and 
p57 kip2 (p57), plays a crucial role in MyoD-induced 
growth arrest (11,12). Although genetic analysis indicated 
that p21 and p57 are individually dispensable during 
myogenesis, it is still unclear whether the two CKIs act 
by controlling the same process or their redundancy 
involves compensatory mechanisms. p57 participates in 
myogenesis not only by controlling cell cycle but also by 
supporting MyoD function in a positive feed-back loop 
(13,14), a unique property not shared with p21. 

p57 is a critical regulator in many tissues, and its defi- 
ciency causes severe developmental anomalies both in 
humans and in mice (15). Genetic studies suggested a 
role for p57 in Beckwith-Wiedemann syndrome (BWS), 
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a human growth disorder characterized by multiple devel- 
opmental defects and predisposition to cancer (16). 
Moreover, genetic ablation of p57 in mice recapitulates 
many aspects of the syndrome (17,18). 

Unlike other CKIs, p57 shows a highly cell-specific, 
temporal and spatial expression pattern, probably 
related to its ability to exert specific functions (19). 
The expression of p57 is subject to a complex epigenetic 
regulation. p57 is located within a conserved cluster of 
imprinted genes on mouse chromosome 7 and human 
chromosome lip 15 and is expressed only by the 
maternal allele in both species (20,21). This cluster, 
involved in growth regulation and development, is orga- 
nized into two independently imprinted sub-domains, 
both associated with BWS in humans: the first contains 
Igf2 and H19 genes; the second includes, among other 
genes, p57, kcnql and kcnqlotl (22). A differentially 
methylated region, KvDMRl, located about 150kb 
downstream of p57, controls in cis the imprinting of 
several genes of the sub-domain (23,24). Two mechanisms 
of action have been proposed to explain the ris-acting re- 
pressive effect of KvDMRl (25). The first one could 
involve the enhancer-blocking activity of this region. 
The second one could involve chromatin silencing by 
a long non-translated ribonucleic acid (RNA). This tran- 
script is coded by the maternally imprinted gene Kcnqlotl, 
which promoter is comprised within KvDMRl. Through 
some complex mechanism not yet clarified, the activity of 
KvDMRl is associated with hypermethylation of p57 
promoter in the repressed paternal allele (26). 

We have previously reported that, during muscle differ- 
entiation, p57 is induced at the transcriptional level 
by MyoD, through an indirect mechanism requiring 
new-synthesized factors (27). In addition, we have 
defined a p57 promoter proximal region as responsive to 
MyoD fran^-activation in reporter assays. We have also 
reported that the MyoD-dependent induction of p57 
shows a cell-type restriction. In particular, we observed 
that different cell types, equally capable to undergo 
muscle conversion on exogenous-MyoD expression, are 
differentially responsive regard the induction of p57 
(11,27,28). Taking advantage of this experimental tool, 
we found that the up-regulation of p57 requires, besides 
the induction of intermediate factors, also the removal of a 
c«-acting constraint associated with promoter deoxyribo- 
nucleic acid (DNA) methylation (28). In this study, we 
provide evidence that the release from the epigenetically 
repressed state of p57 involves a functional interaction 
of MyoD with a distant cw-element located within 
KvDMRl. We show that MyoD binds in vivo to this 
region in responsive cells and that this interaction causes 
the removal of a chromatin loop between KvDMRl and 
p57 promoter. 

MATERIALS AND METHODS 

Cell cultures 

Mouse C3H10T1/2, C57BL/6 and (C57BL/6 X SD7)F1 
fibroblasts and mouse C2.7 myoblasts were grown 
in Dulbecco's modified Eagle's medium (DMEM) 



supplemented with 10% fetal calf serum (FCS). To 
trigger differentiation, myoblasts and MyoD-infected 
fibroblasts were grown to confluence, shifted to differen- 
tiation medium (DMEM-0.5% FCS) and analyzed at the 
indicated times. K562 cells were grown in Roswell Park 
Memorial Institute (RPMI) medium supplemented with 
10% FCS. 

Production of empty pBabe and pBabe-MyoD- 
expressing retroviruses, retroviral infections and MyoD- 
induced differentiation were performed as described 
previously (28). 

Gene expression analysis 

Total cellular RNA was extracted with 'High Pure RNA 
Isolation Kit' (Roche Diagnostics); 1 ug of total RNA was 
reverse-transcribed at 42° C for 1 h in the presence of 
MMLV reverse transcriptase (Promega). 

Semiquantitative reverse transcriptase-polymerase 
chain reaction (RT-PCR) analyses were performed as 
described previously (28). p57, kcnql and Hprt (used as 
reference gene) transcripts were amplified with the primers 
reported in Supplementary Methods. 

Quantitative Real Time-PCR (qRT-PCR) reactions 
were performed in 20 ul of reaction buffer containing 
1 irl of diluted complementary DNA (cDNA), 10 ul of 
"Go Taq qPCR Master Mix" (Promega) and each 
primer at the optimized final concentration. The primer 
sequences are reported in Supplementary Methods. The 
reaction was performed in the thermocycler 
'MiniOpticon Real-Time PCR detection system' 
(Bio-Rad). The primer pair efficiency, the normalized 
expression [AAC(t)] and the standard error of the mean 
were determined with CFX Manager™ software 
(Bio-Rad). 18S rRNA and Hprt were used as reference 
genes. 

To assay the allelic expression status of p57 and Kcnql, 
cDNAs from MyoD-infected (C57BL/6 x SD7JF1 fibro- 
blasts were amplified by RT-PCR. Maternal and paternal 
products were distinguished by restriction fragment length 
polymorphism (RFLP) analysis of previously described 
polymorphic restriction sites (Supplementary Methods). 

Chromatin immunoprecipitation and allele-specific 
chromatin immunoprecipitation 

Chromatin immunoprecipitation (ChIP) assays were 
carried out as described (28). Chromatin was immunopre- 
cipitated with anti-MyoD antibody (sc-760). Genomic 
regions of interest were amplified using the same DNA 
quantity for each sample, the primer pairs reported in 
Supplementary Methods and the following protocol. 
After 5-min incubation at 95°C, 30 cycles of PCR (95°C 
for 30 s, 56-58°C for 30 s and 72°C for 30 s) were per- 
formed. Quantitation of immunoprecipitated F3 and my- 
ogenin (myog) promoter fragments was performed in 
triplicate using 5ng of DNA, Go Taq qPCR Master 
Mix (Promega) and the specific qRT-PCR primer pairs 
(Supplementary Methods) at the final concentration of 
150nM. The reaction was performed in the real-time 
thermocycler. The primer pair efficiency, the relative 
quantity of each immunoprecipitated and no antibody 
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[AC(t)] respect to input sample and the standard deviation 
of the relative quantity were determined with CFX 
Manager™ software (Bio-Rad). The percentage of the 
relative quantity of each immunoprecipitated sample was 
normalized to the percentage of the relative quantity of 
each no antibody sample. 

The parental alleles were distinguished by single-strand 
conformation polymorphism (SSCP)-PCR using Fl or F3 
primers (Supplementary Methods) labeled at their 5'-ends 
with [y-32P] Adenosine 5"-triphosphate (y-[32P]ATP). 
After denaturation, PCR products were resolved by 
non-denaturing acrylamide gel electrophoresis and 
detected by autoradiography. 

Enhancer-blocking assays 

Plasmids are described in Supplementary Methods. Four 
micrograms of each Not-I-linearized plasmid were 
co-transfected with 4ug of the plasmid containing 
unique EcoRI cloning site and Moloney sarcoma virus 
long terminal repeat (EMSV) empty vector or EMSV 
MyoD vector and with 0.4 ug of the plasmid Renilla 
Luciferase-Thymidine Kinase (pRL-TK) plasmid 
(Promega), coding for renilla-luciferase and used to 
control the transfection efficiency, into K562 cells. 
Plasmids were introduced into 0.8 ml of cell suspension 
(5 x 10 6 cells/ml) in a 4-mm-gap cuvette (Bio-Rad 
Laboratories) by electroporation using a Gene Pulser II 
(Bio-Rad Laboratories) at 250 V and 960 uF. Following 
electroporation, cells were cultured in 10 ml of RPMI- 
10% FCS for 48 h. Renilla activities were measured 
using a Dual-Luciferase Reporter Assay System kit 
(Promega); and 3 x 10 5 transfected cell were plated on 
6-cm cell culture dishes in 7.5 ml of soft-agar plating 
medium containing 800ug/ml active G418 (Calbiochem). 
Antibiotic-resistant colonies were counted after 3 weeks. 
In a given experiment, each construct was tested in tripli- 
cate, and experiments were repeated three times. 

Chromosome Conformation Capture (3C) assay 

The 3C assay was performed as described previously (29). 
Briefly, chromatin was crosslinked with 1% formalde- 
hyde, and nuclei were isolated with lysis buffer (10 mM 
Tris-HCl, pH 7.5; lOmM NaCl; 5mM MgCl 2 ; 0.1 mM 
Ethylene Glycol Tetraacetic Acid (EGTA); IX complete 
protease inhibitor, 11836145001 Roche). DNA was 
digested with 400 units of Ncol restriction enzyme and 
ligated in IX ligation buffer New England Biolabs 
(NEB). Ligation products were extracted with phenol- 
chloroform, precipitated with sodium acetate and 
ethanol, washed with 70% (v/v) ethanol and re-suspended 
in 1 50 ul of distilled water. To maximize template accessi- 
bility, an additional digestion step with EcoRI was per- 
formed. After phenol-chloroform extraction, DNA was 
precipitated with sodium acetate and ethanol, washed 
with 70% (v/v) ethanol and re-suspended in 150ul of dis- 
tilled water; 10 ng of each sample were used for PCR 
analysis performed in triplicate. The amplification 
products were verified by sequencing (data not shown). 
Primer sequences are available on request. 



The positive control plasmid, containing a ligation 
product of p57 promoter and KvDMRl sequences, was 
realized as described in Supplementary Methods. Digested 
but not-ligated chromatin and un-digested and not-ligated 
chromatin were used as negative controls. 

RESULTS 

MyoD co-induces the expression of p57 and kcnql 
during muscle differentiation 

On the basis of our finding that, in unresponsive and in 
undifferentiated cells, p57 promoter shows epigenetic 
features, such as DNA hypermethylation, similar to 
those associated with imprinting, we hypothesized that 
KvDMRl could be involved in determining the accessibil- 
ity of p57 to MyoD-dependent regulation. We first asked 
whether other genes of the p57 sub-domain, coordinately 
regulated during imprinting, were also coordinately 
regulated during myogenesis. In particular, we determined 
the expression pattern of kcnql, co-imprinted with p57, 
and of kcnqlotl, oppositely imprinted, during muscle 
differentiation. For this purpose, we used two well-estab- 
lished models of in vitro myogenesis. The first one consists 
of spontaneously differentiating C2.7 myoblast cells, a 
satellite-derived myoblast cell line able to undergo a 
well-characterized process of differentiation that recapitu- 
lates many features of in vivo myogenesis. The second one 
consists of fibroblasts converted to the myogenic lineage 
by exogenous MyoD expression, a cell system recognized 
to be highly representative of both in vivo and in vitro 
myoblasts for many MyoD-dependent functions (5,30). 
Importantly, we previously found that different fibroblast 
cell types, equally competent to undergo MyoD-induced 
differentiation, are differentially responsive regard the in- 
duction of p57 (1 1,27,28). We took advantage of these cell 
types, which we name as 'responsive' and 'unresponsive', 
to dissect the molecular mechanisms underlying the induc- 
tion and restriction of p57 expression. Mouse C57BL/6 
(responsive) and C3H10T1/2 (unresponsive) fibroblasts 
were infected with a MyoD-retroviral vector and, 48 h 
later, induced to differentiate. RNA was extracted from 
C2.7 myoblasts and MyoD-expressing fibroblasts at dif- 
ferent times of differentiation and analyzed by qRT-PCR. 
As shown in Figure 1, kcnql is significantly up-regulated 
during muscle differentiation, both in myoblasts and in 
MyoD-expressing fibroblasts, in parallel with p57. 
kcnqlotl expression, on the contrary, does not show a 
significant modulation. Interestingly, cells that are unre- 
sponsive to MyoD for p57 are also unable to up-regulate 
kcnql at the same level as responsive cells. Similar results 
were obtained using fibroblasts from hybrid mice (C57BL/ 
6 female X SD7 male), as responsive cells, and Swiss 3T3 
fibroblasts as unresponsive cells (Supplementary Figure SI 
and unpublished observations). These findings strongly 
suggested that MyoD could function by targeting a regu- 
latory element shared by p57 and kcnql and that this 
common element, likely KvDMRl, could be also 
involved in restricting the expression of these genes in un- 
responsive cells. 
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Figure 1. Expression of p57, Kcnql and Kcnql ot I during muscle differentiation. C2.7 myoblasts and MyoD-expressing fibroblasts were analyzed by 
qRT-PCR at different times (hours) after the shift to differentiation medium (h in DM). The expression levels are relative to the TO value for each 
transcript. The results shown are representative of three independent experiments. Error bars indicate standard error of the mean for each sample 
analyzed in triplicate. 



MyoD binds in vivo to KvDMRl and relieves its 
repressive activity 

Mouse KvDMRl is composed of multiple cis-acting 
modules, including an element showing repressive 
activity in enhancer-blocking assays and a promoter and 
a putative enhancer driving the expression of the long 
non-coding RNA kcnqlotl (31). Our observation that 
the expression of kcnqlotl was not significantly affected 
by MyoD prompted us to focus our attention on the re- 
pressive element. Using Matlnspector software to scan 
putative MyoD-binding sites within KvDMRl sequence, 
we detected the presence of five E-box-like elements, as 
outlined in Figure 2a. 

To address the hypothesis that MyoD could physically 
interact with KvDMRl, we performed ChIP assays 
using primers surrounding the putative binding sites. 
MyoD-bound chromatin was immunoprecipitated from 
undifferentiated and differentiated cultures of C2.7 
myoblasts and of MyoD-expressing fibroblasts, both 
responsive and unresponsive. As shown in Figure 2a, 
MyoD binds to all three KvDMRl fragments targeted. 
However, although MyoD binding to fragments 1 (Fl) 
and 2 (F2) occurs regardless of differentiation and respon- 
siveness, the binding to fragment 3 (F3) takes place exclu- 
sively in differentiated and responsive cells. This finding 
suggests that the transcriptional activation of p57 is func- 
tionally correlated with the recruitment of MyoD to the 
F3 sub-region of KvDMRl repressive element. qRT-PCR 
analysis of ChIP products, reported in Figure 2b, con- 
firmed that MyoD binding to F3 fragment relates with 
both differentiation and responsiveness. The binding to 
myogenin promoter, used as a positive control, validated 
MyoD immunoprecipitation and activity even in unre- 
sponsive cells. The results of electrophoretic mobility 
shift assays, performed with fragments containing either 
the wild type or a mutated recognition sequence, 
demonstrated that MyoD binding to F3 is direct and is 
mediated by the E-box-like element (Supplementary 
Figure S2). It has been recently reported in a genome- wide 
analysis of MyoD binding in muscle cells (30). By 



inspecting the ChlP-seq raw data deposited, we noted 
that the MyoD binding sites that we have detected 
within KvDMRl through ChIP assays only show very 
weak signals, if any, in the ChlP-seq study. This discrep- 
ancy could be explained by some critical difference in the 
two experimental approaches, such as, for example the 
differentiation times at which MyoD binding was 
assessed (24 h in our ChIP assays and 72 h in ChlP-seq 
experiments). Indeed, in our preliminary assays, we 
observed that MyoD binding to KvDMRl peaks at 24 h 
and then declines until becoming almost undetectable at 
72 h (data not shown). 

It has been previously reported that different KvDMRl 
sub-regions show insulator or silencer activity in 
enhancer-blocking assays (31,32). In this kind of assays, 
any enhancer-blocking element inserted between an 
enhancer and a promoter for a neomycin resistance gene 
prevents the activation of the reporter gene and thus 
reduces the number of G418-resistant colonies formed 
by stably transfected cells. The E-p-neo vector, which 
contains the E5 TCR enhancer and V§ TCR promoter 
driving the expression of the selectable marker, demon- 
strated to be suitable to reveal the enhancer-blocking po- 
tential of DNA elements from different loci and species 
(31,33-35). To test the hypothesis that MyoD could 
promote the up-regulation of p57 by interfering with the 
described repressive function of KvDMRl, we took ad- 
vantage of one of the E-p-neo-derived constructs previ- 
ously used to demonstrate the enhancer-blocking activity 
of this imprinting control region (31,32). As outlined in 
Figure 3a, this construct contains a fragment comprising 
the F3 sub-region placed between the enhancer and the 
promoter. We determined the possible MyoD effects on 
its activity by measuring the colony-forming efficiencies of 
cells co-transfected with a MyoD-expressing vector and 
the indicated constructs, in the presence of G418 antibi- 
otic. As a cell background for the assay, we chose the 
K562cell line, because it demonstrated to be competent 
not only for enhancer activity but also for MyoD stability 
and functionality. In fact, we found that MyoD was 
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Figure 2. MyoD interacts in vivo with KvDMRI. (a) Top: schematic diagram showing the reciprocal location of p57, Kcnql and Kcnqlotl genes and 
KvDMRI region. Filled arrows indicate the direction of transcription. Dashed arrows point to an enlargement of the repressive KvDMRI element 
previously described (31) extending from nt +1561 to +3420 of AF1 19385 sequence. The positions of the putative MyoD binding sites are also 
indicated. A further enlargement indicates the location of the three fragments (Fl, F2 and F3) amplified in the ChIP assay shown in the bottom. 
Bottom: In vivo binding activity of MyoD during differentiation. Chromatin from C2.7 myoblasts and MyoD-expressing fibroblasts (responsive and 
unresponsive) kept either in growth (TO) or in differentiation medium for 24 h (T24) was immunoprecipitated using a specific antibody to MyoD or 
in the absence of antibody (NoAb). Input represents non-immunoprecipitated cross-linked chromatin. The indicated fragments were amplified by 
PCR as described in 'Materials and Methods' section. A p57 promoter fragment, which we have previously demonstrated not to be bound by MyoD 
(28), was used as a negative control. The results obtained with 30 amplification cycles are shown, (b) qRT-PCR analysis and quantitation of the ChIP 
assay for MyoD binding to fragment 3 (F3) and myogenin (myog) promoter. Values derived from three independent experiments were normalized for 
background signals (NoAb) and expressed as percentage of input chromatin (% input). Data are shown as mean ± standard deviation. 



capable to activate a reporter gene driven by muscle 
creatine kinase E-box elements in K562 cells (data not 
shown), indicating its ability to functionally interact with 
its targets in this cell context. Remarkably, the results of 
the enhancer-blocking assays, shown in Figure 3b, 
indicated that MyoD expression significantly reduces the 
enhancer-blocking activity of the F3-containing test 
fragment. This suggests that MyoD induces p57 by coun- 
teracting a repressive function of KvDMRI. 

MyoD binding causes the release of a chromatin loop 
between KvDMRI and p57 promoter 

The enhancer sequence(s) driving p57 expression, and 
possibly affected by KvDMRI, have not been identified 
yet. Enhancer-blocking insulators interact with each 
other, with enhancers or with promoters forcing these 
elements into ineffective chromatin conformations (36). 
To determine whether KvDMRI physically associated 
with p57 promoter and whether the supposed 



interaction was related to responsiveness and/or differen- 
tiation, we performed 3C assays. Crosslinked chromatin, 
extracted from differentiating C2.7 myoblasts and 
MyoD-expressing fibroblasts, both responsive and unre- 
sponsive, was subjected to digestion and ligation. PCR 
reactions were performed, as outlined in Figure 4a, to 
amplify hybrid fragments deriving from the ligation of 
p57 promoter and KvDMRI sequences. The results 
reported in Figure 4b and the sequencing of the amplified 
fragment clearly indicated that the two regions are close to 
each other in undifferentiated cells and that their associ- 
ation is lost on differentiation but exclusively in responsive 
cells. To demonstrate the causal relationship between 
MyoD binding to KvDMRI and disruption of the 
three-dimensional structure occurring on differentiation, 
we compared the status of the chromatin loop in the 
presence and in the absence of MyoD. To this end, we 
performed further 3C assays in responsive and unrespon- 
sive fibroblasts expressing either MyoD or the empty 
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Figure 3. MyoD relieves the enhancer-blocking activity of a KvDMRl 
sub-region, (a) Schematic representation of the plasmid construct used 
for the enhancer-blocking assay, indicating the extent of the [1 1-22] test 
fragment (31) with respect to the KvDMRl repressive element reported 
in Figure 2a. (b) Relative enhancer-blocking activity of the 11-22 
fragment of KvDMRl in K562 cells co-transfected with the MyoD 
expression vector (MyoD) or with the empty vector (Control). For 
each co-transfection, values, normalized relative to luciferase activity, 
were determined by dividing the number of G418-resistant colonies 
obtained with the indicated constructs by the colony number 
obtained with the Epneo construct. The results are the mean of three 
independent transfection experiments. 

vector. The results reported in Figure 4c indicate that, in 
the absence of MyoD, the chromatin loop is maintained 
even in differentiation-promoting conditions and even in 
responsive cells, thus confirming that it is just MyoD that 
prompts the rearrangement. This analysis also highlights 
that the same chromatin loop is present in both responsive 
and unresponsive fibroblasts, before MyoD expression, 
thus supporting the conclusion that the differential acces- 
sibility of KvDMRl to MyoD binding does not depend on 
differential chromatin looping but most likely on other 
epigenetic differences (see also 'Discussion' section). 

All together, these results strongly support a picture 
in which a chromatin loop between KvDMRl and p57 pro- 
moter represses its activity in undifferentiated myoblasts. 
On differentiation, MyoD recruitment to KvDMRl/F3, 
enabled only in responsive cells, causes the removal of 
this constraint, allowing p57 expression (Figure 4d). 
Consistently with the well-recognized property of MyoD 
to recruit chromatin modifying enzymes to its targets, we 
found that MyoD binding to F3 correlates with increased 
histone H3 acetylation (Supplementary Figure S3). This 
suggests that a regional chromatin modification of 
KvDMRl, consequent to MyoD binding, may play a 
role in the spatial reorganization of the chromatin loop. 

MyoD affects a non-allelic function of KvDMRl 

KvDMRl, similar to most imprinting control regions, 
shows allele-specific epigenetic marks, including DNA 
methylation, histone modifications and transcription 
factor binding (37,38), which participate in the molecular 



mechanism driving allele-specific expression of the im- 
printed genes of the sub-domain. To further explore how 
MyoD affects KvDMRl function, we first evaluated the 
possible allele-specific binding of MyoD to the KvDMRl 
repressive element during differentiation. To distinguish 
allele-specific sequences, we took advantage of mouse 
fibroblasts derived from hybrid mice (C57BL/6 female X 
SD7 male), carrying allele-specific single-nucleotide poly- 
morphisms (SNPs) in the distal part of chromosome 7. As 
reported in Supplementary Figure SI, these fibroblasts are 
responsive to exogenous MyoD expression for the induc- 
tion of p57. ChIP was performed after MyoD-induced 
differentiation. Allele-specific binding was examined by 
exploiting different SNPs, present in the amplification 
target comprising F3 fragment, and revealed through 
SSCP analysis. As reported in Figure 5a, MyoD binds 
to both maternal and paternal alleles of KvDMRl/F3. 

In light of the observed biallelic binding, we queried 
whether the MyoD-dependent induction of p57 and 
kcnql involved the up-regulation of the maternal or the 
de-repression of the paternal imprinted alleles. Hybrid 
mouse fibroblasts were infected with a MyoD-encoding 
retrovirus and induced to differentiate. p57 and Kcnql 
RNAs were then examined by combining RT-PCR with 
RFLP analysis. The results reported in Figure 5b clearly 
showed that during MyoD-induced differentiation, both 
genes are up-regulated uniquely from the normally active 
maternal alleles. This finding allows us to exclude that the 
up-regulation of p57 and kcnql could be ascribed to loss 
of imprinting and supports the conclusion that KvDMRl 
plays an additional role, other than imprinting control, in 
restricting the expression of these genes in muscle cells. 

DISCUSSION 

The cdk inhibitor p57 is a fundamental regulator of devel- 
opment and differentiation of many tissues in mammals 
(19). Its expression levels must be strictly regulated, as 
deduced by the aberrant phenotypes resulting from 
imprinting perturbations, inactivating mutations or over- 
expression (17,18,39,40). Increasing evidence has been 
accumulated indicating that epigenetic control plays a 
key role in p57 silencing during imprinting (41,42) and 
tumorigenesis (43). In this work, we report that a com- 
pletely novel epigenetic mechanism is involved in the 
MyoD-dependent induction of p57 during myogenesis. 

We previously suggested that the accessibility of p57 
promoter was prevented by a repressive, ra-acting mech- 
anism associated with promoter hypermethylation in un- 
differentiated myoblasts and in cell types unable to induce 
p57. In this study, we report that this epigenetic constraint 
involves a long-distance regulatory element, KvDMRl, 
known to participate in the imprinting process. We show 
that the induction of p57 expression is associated with the 
in vivo binding of MyoD to KvDMRl. The analysis by 
ChIP assays of different KvDMRl sub-regions showed 
that MyoD is constitutively bound to Fl and F2 in both 
responsive and unresponsive cells, whereas it is recruited 
to F3 only after differentiation and only in responsive 
cells. This suggested that the binding to F3 represents a 
limiting factor for p57 de-repression. We also show that 
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Figure 4. KvDMRl physically interacts with p57 promoter in undifferentiated and in unresponsive cells, (a) Schematic representation of the 
/;J7-KvDMRl locus showing the locations of the Ncol sites and of the PCR primers (arrows) used for 3C analysis, (b) 3C analysis of the 
/)57-KvDMRl locus in C2.7 myoblasts and in responsive (C57BL) and in unresponsive (C3H10T1/2) mouse embryo fibroblasts expressing MyoD 
kept either in growth (TO) or in differentiation medium for 24 h (T24). Ctr consists of a plasmid construct containing a ligation product of p57 
promoter and KvDMRl sequences and represents a positive control for the pair of primers used. The results shown are representative of three 
independent experiments, (c) 3C analysis of the p57-KvDMRl locus in responsive and unresponsive fibroblasts infected with either the MyoD 
retroviral vector (+MyoD) or with the empty vector (-MyoD) and analyzed 24 h after the shift to differentiation medium. The results shown are 
representative of three independent experiments, (d) Schematic model of MyoD effect on the putative chromatin looping between KvDMRl and p57 
promoter. 



MyoD is capable to relief the enhancer-blocking activity 
of this sub-region. Several models, involving complex 
three-dimensional changes in chromatin architecture, 
have been proposed to explain long-distance gene repres- 
sion by enhancer-blocking insulators (36,44). The results 
of our 3C assay demonstrated that KvDMRl sequences 
contact p57 promoter in undifferentiated and in unrespon- 
sive cells. Interestingly, we have noticed that both F3 
region and p57 promoter contain putative recognition 
sites for CCCTC-binding factor (CTCF), the prototypical 
organizer of long-range chromatin interactions (45). 
The possible involvement of CTCF in establishing the 
observed chromatin contact is currently under investiga- 
tion. Whatever the molecular mechanism mediating chro- 
matin looping, the dynamics of this structure is consistent 
with a role in preventing p57 expression. Further work 
will be required to understand how this structure is func- 
tionally correlated with promoter hypermethylation and 
p57 silencing. 



The picture emerging from our previous and present 
results is that MyoD plays a dual function in the induction 
of p57 expression. One consists in positively regulating p57 
promoter, through the up-regulation of the intermediate 
factors p73, Spl and Egrl (27,28). The other one consists 
in counteracting the repression exerted by a long-distance 
element, located within KvDMRl, through direct binding 
to an E-box-like sequence. This interaction is required to 
allow the disruption of the chromatin loop, the release of 
p57 promoter and then its /nms-activation. It is conceiv- 
able that the ability of MyoD to cause spatial reorganiza- 
tion of chromatin at KvDMRl is linked with its ability to 
recruit chromatin modifying complexes to F3, as inferred 
by the increased H3 acetylation observed in this region 
(Supplementary Figure S3). However, we do not exclude 
that the binding to Fl and F2, although not sufficient for 
p57 de-repression, could participate in creating a chroma- 
tin environment that facilitates the disruption of the chro- 
matin loop triggered by binding to F3. A comprehensive 
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Figure 5. MyoD binds biallelically to KvDMRl but does not affect the 
imprinting status of the locus, (a) Allele-specific chromatin immunopre- 
cipitation of MyoD. Hybrid mouse fibroblasts expressing MyoD, kept 
24 h in differentiation medium, were treated for ChIP assay as 
described earlier. MyoD immunoprecipitates were then analyzed by 
radioactive PCR specific for F3, followed by SSCP analysis. M and 
P show the electrophoretic mobility of maternal- and paternal-specific 
bands, respectively, (b) Semiquantitative RT-PCR analysis of allele- 
specific expression of p57 and kcnql. Hybrid mouse fibroblasts express- 
ing MyoD were kept either in growth (TO) or in differentiation medium 
for 24 h (T24). Maternal and paternal alleles were distinguished by 
RFLP analysis as described in 'Materials and Methods' section. UD 
indicates the electrophoretic mobility of the undigested paternal-specific 
fragments (P). Aval and Pvull fragments indicate that of digested 
maternal-specific fragments (M). 



analysis of the histone modifications and of the changes in 
the DNA methylation status of KvDMRl during muscle 
differentiation will provide important insights into this 
issue. Recent analysis of genome-wide MyoD binding 
revealed that this myogenic factor binds to thousands of 
sites outside of promoter regions, where it induces histone 
acetylation (30). The functional significance of this wide- 
spread binding is not yet clear. Our data support the hy- 
pothesis that a possible function of MyoD interaction with 
at least some of these sites consists in causing long-range 
chromatin changes. This suggestion opens new perspec- 
tives in understanding how a pioneer transcription factor 
may open repressive chromatin and coordinate gene ex- 
pression during determination and differentiation. 

Notably, we found that in unresponsive cells, MyoD is 
unable to bind to KvDMRl and, hence, to cause the same 
chromatin conformation change triggered in responsive 
cells. This failure could be explained by the presence of 
a distinct, non-accessible chromatin status at KvDMRl 
or, alternatively, by the presence (or absence) of MyoD- 
interacting factor(s) preventing (or promoting) its binding. 
As unresponsive cells represent a useful model system to 
gain insights into the epigenetic mechanisms responsible 
for the restriction of p57 expression to specific tissues and 
cell types, this issue deserves to be investigated. 

We observed that MyoD also induces the expression 
of kcnql, co-imprinted with p57. Kcnql codes for 
a sub-unit of a voltage-dependent potassium channel. 
Although its best established role is the control of cell 
excitability, kcnql has been suggested to be also 
involved, by regulating membrane potential and cell 
volume, in muscle cell proliferation and differentiation 
(46). Interestingly, several imprinted genes, belonging to 



independent imprinting domains, were shown to be 
up-regulated during muscle regeneration (47). In this 
regard, it has been reported the existence of a network 
of co-regulated imprinted genes involved in growth pro- 
motion or restriction and including p57 (48). The signifi- 
cance of this co-regulation could be to assure an 
equilibrium in growth control during development. 
It has been proposed that these imprinted genes are 
regulated, directly or indirectly, downstream of two 
members of the network, Zacl and H19 (48,49). Our 
present results suggest that additional epigenetic mechan- 
isms, involving the functional interaction of differenti- 
ation factors with imprinting control elements, may 
participate in the developmental co-regulation of im- 
printed genes. The observation that MyoD binding, 
despite biallelic, does not induce expression from the 
paternal imprinted alleles also highlights the existence of 
a repressive function of KvDMRl, distinct from and hier- 
archically subordinated to the imprinting control. 

In summary, this work uncovered a novel mechanism 
by which MyoD coordinates gene expression during 
muscle differentiation. Not less important, the data 
obtained could be of general relevance to clarify the regu- 
lation of a CKI that exerts unique functions in develop- 
ment and differentiation. It is worth to mention that other 
bHLH transcription factors, such as Mash2 and E47, have 
been shown to induce p57 transcription in neural cells 
(50,51). It is likely that a molecular mechanism similar 
to that acting in muscle cells can also operate in other 
differentiation systems. Moreover, it is reasonable to hy- 
pothesize that epigenetic constraints, analogous to those 
underlying the cell type restriction of p57 expression, can 
also participate in the aberrant p57 silencing observed in 
cancer and in some developmental pathologies. 
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